Thirty-three strains of Brevibacillus laterosporus, including three novel strains isolated from Brazilian soil samples, were examined for genetic variability by the use of different PCR-based methods. Molecular markers that could characterize bacterial strains with regards to their pathogenic potential were investigated. In addition, toxicity was assessed by the use of insects belonging to the orders Lepidoptera and Coleoptera and the mollusk Biomphalaria glabrata. Among the targets tested, Biomphalaria glabrata demonstrated the highest degree of sensitivity to B. laterosporus, with some strains inducing 90 to 100% mortality in snails aged 3 and 12 days posteclosion. Larvae of the coleopteron Anthonomus grandis were also susceptible, presenting mortality levels of between 33 and 63%. Toxicity was also noted towards the lepidopteron Anticarsia gemmatalis. In contrast, no mortality was recorded among test populations of Tenebrio molitor or Spodoptera frugiperda. The application of intergenic transcribed spacer PCR and BOX-PCR generated 15 and 17 different genotypes, respectively. None of the molecular techniques allowed the identification of a convenient marker that was associated with any entomopathogenic phenotype. However, a 1,078-bp amplicon was detected for all strains of B. laterosporus when a primer for amplification of the BOXA1R region was used. Similarly, a 900-bp amplicon was generated from all isolates by use of the primer OPA-11 for randomly amplified polymorphic DNA analysis. These amplicons were not detected for other phenotypically related Brevibacillus species, indicating that they represent markers that are specific for B. laterosporus, which may prove useful for the isolation and identification of new strains of this species.
Brevibacillus laterosporus comb. nov. (28) , previously classified as Bacillus laterosporus (Laubach 1916) , is an aerobic spore-forming bacterium that is characterized by its ability to produce a canoe-shaped lamellar parasporal inclusion adjacent to the spore. Some strains produce crystalline inclusions of various shapes and sizes, which are released separately from spores during lysis of the sporangium. B. laterosporus has the potential to be used as a biological control agent which, in comparison with strains of Bacillus thuringiensis and Bacillus sphaericus, demonstrates a very wide spectrum of biological activities. In this context, toxicity has been observed towards the beetle Lasioderma serricone, the nematode fitoparasite Heterodera glycines, the nematode zooparasite Trichostrongylus colubriformis, and adult forms of the mollusk Dreissena polymorpha (31) . In addition, the 50% lethal concentration (LC 50 ) values recorded for the Coleoptera Leptinotarsa serricone and Leptinotarsa decemlineata (Colorado potato beetle) were comparable to that exhibited for Bacillus thuringiensis serovar Tenebrionis (LC 50 ϭ 0.1 g/cm 2 ) (31, 32) . Finally, toxicity towards larvae of the mosquitoes Culex quinquefasciatus and Aedes aegypti and the blackfly Simulium vittatum has also been reported (6, 25) . In addition, some strains of B. laterosporus produce the medically important substances espergualin (19, 37) and bacithrocins A, B, and C (13) .
Despite showing such wide-ranging biological activities, B. laterosporus has not been seriously considered for use in biological control, most probably because the observed mosquitocidal activity is generally much weaker than that of Bacillus thuringiensis serovar israelensis. Yet Orlova et al. (21) demonstrated that crystalliferous strains of B. laterosporus presented LC 50 values similar to those attained with Bacillus thuringiensis serovar israelensis in bioassays employing larvae of three species of mosquitoes, with the larvicidal activity of B. laterosporus being associated with spores and crystalline inclusions. Although Bacillus thuringiensis and Bacillus sphaericus have been used as biological control agents in many countries (4, 18, 23, 24) , some strains still present problems, including low environmental persistence and a restricted range of targets. Thus, the availability of alternative agents would be highly desirable.
In a previous study (41) , the genetic variability of B. laterosporus was demonstrated by the use of randomly amplified polymorphic DNA PCR (RAPD-PCR), multilocus enzyme electrophoresis, and pulsed-field gel electrophoresis. However, no molecular markers associated with specific pathogenicity profiles were identified. The present study was undertaken with the primary objective of further evaluating genetic variability among B. laterosporus isolates through the application of an extended range of molecular techniques. In addition, we sought to examine strains of B. laterosporus for biocidal activities towards insects of the orders Diptera, Lepidoptera, and Coleoptera as well as towards the mollusk Biomphalaria glabrata, which acts as an intermediate vector for the transmission of Schistosoma mansoni to humans (7).
MATERIALS AND METHODS
Strain maintenance and isolation. The strains used for this work are listed in Table 1 . All of these strains are maintained in the culture collection of the Laboratory of Systematic Biochemistry, but they were originally supplied by A. A. Yousten (Department of Biology, Virginia Polytechnic Institute and State University, Blacksburg, Va.), with the exceptions of strain BL 16-92 (kindly donated by Rouldolf R. Azizbekyan, Laboratory of Genetics of Biopesticides, State Institute of Genetics, Moscow, Russia) and the three novel isolates reported in this study. The strains were maintained at Ϫ20°C as spore suspensions in 20% glycerol and were activated in nutrient yeast salt medium (NYSM) (6) for 3 to 5 days.
The new isolates, designated NI 1, NI 2, and NI 3, were recovered from soil samples collected in the state of Rio de Janeiro, Brazil, according to protocols recommended by the World Health Organization (40) , using NYSM with incubation at 31°C (6) . The identity of each isolate was confirmed by performing a sequence of morphological and physiological tests as described previously (8, 9, 28) . Bacillus cereus (LFB-Fiocruz 406/NCTC 2599), Bacillus thuringiensis (LFBFiocruz 584/IPS-82), and Brevibacillus brevis (LFB-Fiocruz 417/NCTC 2611) from the Culture Collection of Genus Bacillus and Correlated Genera (Laboratory of Bacterial Physiology, Instituto Oswaldo Cruz) were used as controls in some bioassays and for molecular techniques.
Preparation of material for bioassays. All of the strains that were used for the fermentation process were initially grown in NYSM, with incubation at 31°C for 48 h. A loopful of each culture was then transferred to individual 10-by 12-mm tubes containing 2 ml of distilled water and homogenized. One milliliter was transferred to a 250-ml Erlenmeyer flask containing 100 ml of NYSM and incubated at 31°C for 12 h at 120 rpm. Thereafter, duplicate 5-ml volumes of culture were transferred to two Erlenmeyer flasks with a 2-liter capacity, with each containing 450 ml of a fermentation medium developed at the Laboratory of Bacterial Physiology/IOC/Fiocruz (patent no. BR PI 9501166, 1998, INPIFiocruz) (22) supplemented with fructose (33) . The cultures were subjected to agitation (200 rpm) in a model 25D shaker (New Brunswick Scientific) at a temperature of 31°C. Each strain was inoculated into two flasks to allow for the production of both vegetative (48 h) and sporulation-phase (72 h) cultures. Direct cell observations (light microscopy) and viability counts were performed at both time points to determine the cell numbers and to confirm the growth phase of each culture. Vegetative cells and spores were recovered by centrifugation with refrigeration at 25,000 ϫ g for 40 min (model HR-1; International High Speed refrigerated centrifuge). The pH of each biomass was adjusted to 4.5 to 5.0 with propionic acid. This material was then stored at 4°C until it was used for bioassays. An exception to this process was the preparation of dried biomass for use in the Biomphalaria glabrata bioassay. In this case, the biomass (sporulated cultures) was dried in a vacuum oven (model 815; Lab Line Instruments) at 45°C under negative pressure (620 mm Hg) for 7 days, and the dry weight of each biomass was recorded.
Bioassays. For all bioassays using Lepidoptera and Coleoptera, larvae were fed an artificial diet based on black beans, brewer's yeast, soy protein, wheat germ, and casein, as recommended by Shmidt et al. (29) . Biomphalaria glabrata snails were fed lettuce leaves that had previously been washed in 10% acetic acid. The criteria used to define the association between mortality and toxicity were those established by Oliveira et al. (20) : low toxicity (ϩ), 1 to 20% mortality; medium toxicity (ϩϩ), 21 to 50% mortality; and high toxicity (ϩϩϩ), Ͼ50% mortality. Standardized quantities of biomass were used in each bioassay, including that for mosquito larvae. Unless otherwise stated, the inocula comprised the resuspended biomass (viable vegetative or sporulated bacterial cells, as determined by plate count [data not shown]), and the material was dissolved in 0.85% NaCl to achieve an optical density of 0.1 (at 600 nm).
Mosquito bioassays. Bioassays employing mosquito larvae (C. quinquefasciatus and Aedes aegypti) were conducted as previously described by Oliveira et al. (20) and as recommended by the World Health Organization (40) .
Anthonomus grandis bioassay. For the Anthonomus grandis bioassay, the treatment was prepared by mixing 200 l of bacterial suspension with the insect diet. Treatment and control diets were then spread over the surfaces of 5-cm-diameter petri dishes and allowed to solidify. A total of 60 holes were made in the solidified diets, and an individual second-instar larva was inserted into each hole. The plates were incubated at 27°C, and mortality was monitored for 7 days.
Anticarsia gemmatalis bioassay. For the Anticarsia gemmatalis bioassay, 150 l of bacterial suspension was added to the diet, which was held in 50-ml cups, with each cup containing 10 second-instar larvae. A total of 20 cups (10 treatment and 10 control) were used for each test strain of B. laterosporus. After 48 h, dead larvae were removed and the remaining larvae were transferred to new cups containing the control diet. Mortality levels were recorded for 6 days.
Spodoptera frugiperda bioassay. The Spodoptera frugiperda assay was performed in 24-well tissue culture plates, with one half of each plate containing the treatment diet (supplemented with 30 l of bacterial suspension) and the other half serving as a control. Each well contained a single second-instar larva which was held there for 48 h. This procedure was used in order to prevent cannibalism among the larvae. Thereafter, the larvae were transferred to individual 50-ml cups containing the control diet, and mortality levels were monitored for 6 days.
Tenebrio molitor bioassay. Ten second-instar larvae were placed in 5-cm-diameter petri dishes containing 0.2 g of wheat meal with or without the addition of 200 l of bacterial suspension. Each assay was composed of five replicates per test strain and 10 control plates. After 48 h, live larvae were transferred to 50-ml cups containing the control diet, and the level of mortality was determined over 5 days.
Biomphalaria glabrata bioassay. The Biomphalaria glabrata assay used freshwater planorbidae snails that were recovered 0 to 3 days and 12 to 15 days posteclosion. Treatment involved the addition of dried biomass (final concentration, 50 mg/liter) to plastic cups, with each cup containing 100 mollusks in 200 
a Ϫ, without toxicity; ϩ, low toxicity; ϩϩ, medium toxicity; ϩϩϩ, high toxicity; V, vegetative cells; S, sporulated cells; ND, not done.
b For more details about the strains, see the text and references (6, 8, 16, 21, 31, 34, 41 (38) , with the application of a hot start (7 min at 95°C) to avoid initial mispriming and to enhance the specificity. Amplification of the variable spacer region between the 16S and 23S gene sequences was performed by established methods for intergenic transcribed spacer PCR (ITS-PCR) (10), utilizing 25 ng of genomic DNA as a template. RAPD-PCR was used in order to compare the profiles of the new Brazilian strains and strain BL 16-92 with those of isolates that were previously examined by this method (41) . The reaction conditions were the same as those described by Zahner et al. (41) and used the primers OPA-11 (5Ј AGG GGT CTT G 3Ј) and OPA-01 (5Ј AAG AGC CCG T 3Ј) (Operon Technologies).
Detection of 16S ribosomal DNA genes by Southern hybridization. One microgram of genomic DNA was digested with HindIII. The resulting fragments were separated in a 1.2% agarose gel and blotted onto a nitrocellulose membrane (35) . The membrane was hybridized with a digoxigenin (DIG)-labeled DNA probe prepared by a PCR with the cloned 16S rrnB rRNA operon of Escherichia coli as a template (1) by use of a PCR-DIG probe synthesis kit (Roche). The hybridization temperature was 65°C. Immunological detection and colorimetric revelation of the hybrids were performed according to the instructions provided in a DIG nucleic acid detection kit (Roche).
Numerical analysis. The procedures for numerical analysis followed those provided by Zahner et al. (41) , and the value of the cophenetic correlation coefficient (CCC) was obtained with the COPH program of the NTSYS software package (version 2.02; Exeter Software, Setauket, N.Y.).
RESULTS AND DISCUSSION
Our group has attempted to isolate B. laterosporus from a variety of environments on several occasions, but in general we have been unsuccessful. For the present study, we employed a range of growth media (data not shown) to examine 50 different soil samples and recovered a total of three strains of B. laterosporus. Thus, it appears that B. laterosporus shows a more limited distribution than either Bacillus thuringiensis or Bacillus sphaericus. None of the new isolates presented parasporal bodies, although they all demonstrated a degree of biological activity in at least one of the bioassays. The notion that the presence of parasporal bodies is a prerequisite for insect pathogenicity is controversial. In this context, strains of B. laterosporus with and without parasporal bodies have been reported to show biocidal activity towards mosquito larvae. In particular, the strains 16-92 (921) and LAT 006 (615) showed significant activity against larvae of Aedes aegypti and Anopheles stephensis (21, 34) . It was demonstrated that both mosquitocidal strains produced parasporal crystals with different sizes and shapes which were believed to be responsible for the observed toxic activity, although no information was provided as to the composition of these structures. On the other hand, mosquitocidal activities have also been observed for strains that do not present crystals (6) .
No toxicity was detected in the bioassays examining Tenebrio molitor (yellow mealworm) and Spodoptera frugiperda (velvetbean caterpillar) for any of the test strains. The data produced from all other insect bioassays are presented in Table 1 . It should be emphasized that the quantities of biomass resulting from each fermentation were sufficient to allow the use of a standardized product in every bioassay.
Toxicity levels towards the two species of mosquito were similar to those reported previously (6, 16) , with all B. laterosporus strains, including the new Brazilian isolates, showing limited toxicities (Table 1) . It is worth noting that with the exception of the findings of a single study (21) , there are limited data to encourage the utilization of B. laterosporus as an agent for mosquito control. Our data represent a comprehensive evaluation of the mosquitocidal capacity of this bacterium, in terms of both the number of strains examined and a comparison of vegetative and sporulated cells, and they support the view that B. laterosporus has limited potential as an agent for mosquito control.
Anticarsia gemmatalis is an agricultural pest which can be controlled by the use of bioinsecticides based on either bacterial, fungal, or viral agents (15) . Our study revealed that all strains of B. laterosporus showed some degree of toxicity towards this insect, with the highest level of toxicity (90% mortality) being shown by the NRS 590 strain. Interestingly, toxic activity (50% mortality) was present in material prepared from vegetative cells and rose to the 90% level for cells that were collected and processed during the sporangium phase. A similar phenomenon was observed with strains Montaldi and ATCC 9141, for which the use of sporulated material was shown to enhance the toxicity. In contrast, vegetative cells of strains ATCC 64, NRS 1643, and ATCC 9141 induced mortality levels of 46, 43, and 48%, respectively, which declined to values of 20, 18, and 13% when the biomass comprised sporulated material. In these cases, the toxin was apparently synthesized during the exponential phase of bacterial growth and underwent a subsequent degradation. However, for the majority of the cases (16 of 29) in which the two forms of biomass were compared, there was no difference in relative toxicity (Table 1) . Finally, a single isolate, strain Shi 2, presented a low toxicity (24%) when applied as sporulated material but was not toxic when offered to the insect as vegetative cells.
Toxicity was also demonstrated by all test strains towards Anthonomus grandis (also known as the Mexican cotton boll weevil), an insect that is associated with damage to stored grains (17) . Like the data recorded for Anticarsia gemmatalis, there was no clear correlation between the bacterial growth phase and toxicity. Thus, a higher toxicity level was recorded when the diet contained bacteria collected during the sporulation rather than the vegetative phase in the cases of strains Shi 4, Bon 712, NRS 1267, NRS 1644, NRS 1646, Montaldi, and NI 3. Yet the basis for the toxicity shown by the other strains was initiated during the vegetative phase and remained at the same level when these strains were applied as sporulated material (Table 1 ). An exception to this was strain NI 2, which showed a reduced toxicity when given as sporulated cells. Based on the data presented in Table 1 , we suggest that for the majority of the test strains, the insecticidal toxin (or toxins) responsible for the biocidal activity of B. laterosporus is produced during the vegetative phase of the bacterial growth cycle and appears to be maintained in the cell during sporulation. In Bacillus sphaericus, the MTX toxin is also produced during the vegetative phase, but it is subsequently degraded by a sfericase (36).
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Schistosome infections, caused primarily by Schistosoma mansoni, Schistosoma hematobium, and Schistosoma japonicum, affect over 200 million people, mainly in the developing world, resulting in severe morbidity and mortality (7) . The freshwater snail Biomphalaria glabrata is an intermediate host and natural vector for Schistosoma mansoni. The bioassay employed in this study is technically demanding in terms of the number of snails used, and for that reason a limited number of strains of B. laterosporus were examined. The same reason motivated the use of a single form of biomass (spores). Although only 12 strains of B. laterosporus were used for this bioassay, the majority (10 of 12) were found to be highly toxic for larvae of Biomphalaria glabrata (Table 2 ). These data are extremely interesting since chemotherapy is ineffective at preventing reinfection, and therefore the development of complementary control measures, including the control of snail populations, would be highly beneficial. We observed that the age of the larvae was an important factor in determining their susceptibility to the toxic effect, with older (12 to 15 days posteclosion) animals being markedly more resistant to the presence of the spores than were younger larvae ( Table 2 ). This was exemplified by strains NRS 1264 and Shi 1, which were both able to kill 100% of mollusks aged 0 to 3 days posteclosion but only killed 17 and 30%, respectively, when the older mollusks were employed as a target. Interestingly, strain NRS 1111 was able to kill both age groups of mollusks highly effectively (Table 2) .
Nucleic acid amplification and detection strategies have been used for the characterization and evaluation of genetic diversity of many bacteria, and such applications improve diagnostic approaches and clinical management and in many cases evolve into standard laboratory and point-of-care testing protocols (39) . In the cases of bacteria that are used for biological control and screening programs for new strains, it would be desirable to identify molecular markers that facilitate identification and that correlate with particular pathogenic phenotypes. In order to expand upon the results obtained by Zahner et al. (41), we employed a range of PCR-based techniques to further characterize our collection of B. laterosporus strains at the molecular level.
Repetitive element PCR (rep-PCR) profiles based on BOX regions have been used for typing, systematics, and epidemiology studies (12, 26, 27, 30) . In the present study, we employed the primer BOXA1R for the examination of B. laterosporus strains and included B. brevis, Bacillus thuringiensis, and Bacillus cereus as controls, as the first is phylogenetically close to B. laterosporus and the others are part of the bacterial genus from which B. laterosporus was previously allocated. A total of 17 genotypes were formed among the B. laterosporus strains, and a common band of 1,078 bp was observed for all genotypes (Fig. 1) . This observation could be applied to the characterization of B. laterosporus at the species level since no congruence was observed between the profiles recorded for the B. laterosporus strains and that of the phenotypically related B. brevis. As expected, Bacillus cereus and Bacillus thuringiensis presented the same genetic profile, supporting the findings of comparative 16S rRNA sequence analysis (2) which demonstrated that they are phylogenetically closely related and clearly distinct from the B. laterosporus group. Repetitive sequences have in some cases been considered to contribute to the virulence of a pathogen, as exemplified by the antigenic variation shown by Neisseria gonorrhoeae (14) . For this reason, we examined the possibility that this method could identify markers associated with virulence towards the specific targets used in this study. However, our data did not reveal any correlation between pathogenicity and rep-PCR genetic profiles. According to Gürtler and Stanisich (10) , the intergenic transcribed spacer sequence (ITS region) may show differences between species and even between strains of the same species. Indeed, this region of the bacterial genome has been targeted in many studies and was shown to be valuable for the characterization of individuals within the same species (3, 5, 11) . Using this technique, we found a total of 15 genotypes among the 33 strains of B. laterosporus that were analyzed. The majority of the genotypes resulting from the amplification of the ITS region did not exhibit polymorphism (for bands in the range of 750 to 450 bp) at the B. laterosporus intraspecies level. Minor exceptions were observed with some strains for which bands of Ͼ700 bp were present (Fig. 2) . However, like the case for the rep-PCR approach, no correlation was established between ITS profiles and pathogenicity.
The RAPD-PCR technique was used in order to compare the profiles of the new Brazilian strains with those reported previously (41) . In agreement with the previously published results, the primer OPA-11 presented a high level of polymorphism and amplified DNAs from all B. laterosporus strains tested. In addition, it generated a single band of approximately 900 bp for all B. laterosporus samples that may serve as a molecular marker for this species, as already suggested (41) . Primer OPA-01 was chosen based on the previous observation that it amplified sequences associated with mosquitocidal strains (41) . Amplicons were detected for all three novel strains, confirming the observation that they all possessed mosquitocidal activities, albeit at very low levels (Table 1) . Strains NI 1 and NI 2 presented identical genetic profiles when the OPA-01 primer was used, but some minor differences were detected between these isolates when the OPA-11 primer was used (data not shown). Interestingly, the three Brazilian strains generated RAPD profiles which were dissimilar to those generated by any of the other strains. Thus, in order to verify the taxonomic position of the Brazilian isolates, we undertook a The results of the numerical analysis performed on the BOXA1R amplification profiles are presented in Fig. 3 . This The dendrogram generated from the RAPD analysis was in agreement with previously reported results (41) . The introduction of the novel Brazilian strains and BL16-92 into the database used for the numerical analysis did not interfere with the overall topography of the dendrograms (not shown). An analysis of the dendrograms based on the PCR methods did not reveal any correlation between the pathogenicity of the strains for any given host and any of the clusters formed. Moreover, the results of BOXA1R PCR and ITS-PCR did not generate any molecular marker that was associated with pathogenic activity. Indeed, the amplicons generated by the utilization of the OPA-01 primer remained the only indication of some link between biological activity and the genetic profile, as suggested previously (41) . However, the value of this observation is reduced by the fact that mosquito larvae are not considered to represent a promising target for biological control by the use of B. laterosporus, with the notable exception of a single study (21) . In summary, our characterization of B. laterosporus by different molecular methods revealed an elevated level of similarity between isolates, demonstrating a low level of genetic polymorphism within this species and indicating that the isolates are clonally related, as suggested previously (41) . The pathogenic potential of B. laterosporus against invertebrates has been known for some time, yet there is a dearth of literature concerning the biological control potential of this species. The broad spectrum of activity and the absence of definitive data with regard to the molecular basis of toxicity make this species a worthy topic of investigation. The bioassay data for Anticarsia gemmatalis, Anthonomus grandis, and Biomphalaria glabrata presented in this study encourage further experimentation to more fully evaluate the potential use of B. laterosporus as a bioinsecticide for the control of these organisms. 
